Rhabdomyosarcoma (RMS) is a childhood cancer originating from skeletal muscle, and patient survival is poor in the presence of metastatic disease. Few determinants that regulate metastasis development have been identified. The receptor tyrosine kinase FGFR4 is highly expressed in RMS tissue, suggesting a role in tumorigenesis, although its functional importance has not been defined. Here, we report the identification of mutations in FGFR4 in human RMS tumors that lead to its activation and present evidence that it functions as an oncogene in RMS. Higher FGFR4 expression in RMS tumors was associated with advanced-stage cancer and poor survival, while FGFR4 knockdown in a human RMS cell line reduced tumor growth and experimental lung metastases when the cells were transplanted into mice. Moreover, 6 FGFR4 tyrosine kinase domain mutations were found among 7 of 94 (7.5%) primary human RMS tumors. The mutants K535 and E550 increased autophosphorylation, Stat3 signaling, tumor proliferation, and metastatic potential when expressed in a murine RMS cell line. These mutants also transformed NIH 3T3 cells and led to an enhanced metastatic phenotype. Finally, murine RMS cell lines expressing the K535 and E550 FGFR4 mutants were substantially more susceptible to apoptosis in the presence of a pharmacologic FGFR inhibitor than the control cell lines expressing the empty vector or wild-type FGFR4. Together, our results demonstrate that mutationally activated FGFR4 […] Rhabdomyosarcoma (RMS) is a childhood cancer originating from skeletal muscle, and patient survival is poor in the presence of metastatic disease. Few determinants that regulate metastasis development have been identified. The receptor tyrosine kinase FGFR4 is highly expressed in RMS tissue, suggesting a role in tumorigenesis, although its functional importance has not been defined. Here, we report the identification of mutations in FGFR4 in human RMS tumors that lead to its activation and present evidence that it functions as an oncogene in RMS. Higher FGFR4 expression in RMS tumors was associated with advanced-stage cancer and poor survival, while FGFR4 knockdown in a human RMS cell line reduced tumor growth and experimental lung metastases when the cells were transplanted into mice. Moreover, 6 FGFR4 tyrosine kinase domain mutations were found among 7 of 94 (7.5%) primary human RMS tumors. The mutants K535 and E550 increased autophosphorylation, Stat3 signaling, tumor proliferation, and metastatic potential when expressed in a murine RMS cell line. These mutants also transformed NIH 3T3 cells and led to an enhanced metastatic phenotype. Finally, murine RMS cell lines expressing the K535 and E550 FGFR4 mutants were substantially more susceptible to apoptosis in the presence of a pharmacologic FGFR inhibitor than the control cell lines expressing the empty vector or wild-type FGFR4. Together, our results demonstrate that mutationally activated FGFR4 acts as an oncogene, and these are what we believe to be the first known mutations in a receptor tyrosine kinase in RMS. These findings support the potential therapeutic targeting of FGFR4 in RMS.
Introduction
Rhabdomyosarcoma (RMS) is a pediatric sarcoma arising from skeletal muscle, with which the majority of patients can be subclassified as having either alveolar RMS (ARMS) or embryonal RMS (ERMS). ARMS is observed in older patients and is associated with a chromosomal translocation creating a fusion gene involving FOXO1A on chromosome 13 and members of the PAX gene family. ERMS is characterized by loss of heterozygosity and altered patterns of genomic imprinting (1) . Despite marked improvement in overall prognosis during the last 4 decades, longterm survival for those with metastatic RMS remains poor (<30%) (2) . Factors contributing to tumor progression and metastatic disease are not well understood.
Analysis of RMS gene expression patterns have led to improved diagnostic accuracy and new insights into possible mechanisms for metastatic regulators including SIX1 and EZRIN (3) (4) (5) . We and others have reported that FGF receptor 4 (FGFR4), a receptor tyrosine kinase (RTK) member of the FGFR gene family, is highly expressed in RMS and that its mRNA expression correlates with protein levels (3, 4, 6) . FGFR4 is also a key regulator of myogenic differentiation and muscle regeneration after injury, although it is not expressed in differentiated skeletal muscle (7) (8) (9) . These observations raise the possibility that FGFR4 is not only a tumor-specific marker, but that it could also function as an oncogene in RMS.
The FGFRs are of considerable interest in cancer biology because they regulate essential processes including cellular survival, motility, development, and angiogenesis (10) . Comparison of the complete FGFR coding regions indicates segments of high amino acid conservation in FGFR1, -2, -3, and -4. Germline mutations in these paralogs have been described for several rare Mendelian skeletal disorders, including hypochondroplasia (11, 12) . RTKs may also be activated in human cancer by point mutations such as the somatic mutations within FGFR tyrosine kinase (TK) domains observed in glioblastoma multiforme, endometrial carcinoma, and lung cancer (13) (14) (15) (16) (17) . However, FGFR4 is infrequently mutated in these and other cancers (13, 18, 19) . It has also been reported that an aberrant FGFR4 isoform promotes tumorigenesis in pituitary adenomas, although the mechanism for the expression of this transcript was not due to somatic mutation but thought to be due to regulation by an alternative promoter (20) . Since FGFR4 is highly expressed in RMS and during myogenesis, but not in mature skeletal muscle, we hypothesized that constitutive FGFR4 activation by either overexpression or mutation would promote an aggressive phenotype in RMS.
Results
FGFR4 expression in RMS shows correlation with FGFR4 protein, advanced stage, ARMS histology, and poor survival. Since we previously demonstrated high FGFR4 expression in RMS tumors (3), we first investigated whether its expression was associated with aggressive clinical behavior, using available RMS expression microarray data sets (3, 5, 6) . We confirmed high FGFR4 expression in primary RMS tumors compared with an independent panel of pediatric tumors and normal tissues ( Figure 1A) . Consistent with prior observations, mRNA overexpression was associated with high FGFR4 protein (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI39703DS1) (3) . Analysis of an RMS data set for which clinical follow-up was available showed that FGFR4 messenger RNA was 2-fold higher in stage 4 metastatic tumors compared with stage 1 (P = 0.003), although there was some overlap in the range of expression between the 2 groups ( Figure 1B) (6) . ARMS also had higher expression compared with non-ARMS tumors ( Figure  1C ; P = 1.39 × 10 -9 ). Kaplan-Meier analysis for different FGFR4 expression quartiles showed a significant trend toward lower survival with higher expression (Supplemental Figure 2 ) and significantly lower overall survival for tumors with higher FGFR4 expression ( Figure 1D ; P = 0.03) (6) . Further univariate analysis of this data set confirmed that high stage and ARMS histology were also associated with lower survival (Table 1) . However a Cox proportional hazards multivariate analysis revealed that only clinical stage was associated with early death (Table 1 ; hazard ratio = 9.17; P = 0.002), indicating a strong association of FGFR4 expression with clinical stage and ARMS histology. To further validate the association of increased expression with advanced-stage disease, we also reexamined gene expression data from cell lines derived from a spontaneous model of murine ERMS (5, 21) and found significantly higher Fgfr4 expression in tumors of high metastatic potential ( Figure 1E ; P = 0.01).
Because DNA amplification or gain can lead to increased mRNA expression levels, we next examined FGFR4 DNA copy number for a set of 94 RMS tumors and measured the mRNA levels for those samples with increased copy number variation (> 2.5, n = 15). We could not demonstrate a correlation between high copy number variation and mRNA expression of FGFR4 (r 2 = 0.0127, P = NS; Supplemental Table 1 ). This suggested that high FGFR4 expression was not due to amplification at the genomic level.
Figure 1
High FGFR4 expression in RMS is associated with advanced stage, ARMS histology, and poor survival. (A) Log2 median-centered expression data showed high FGFR4 expression in RMS tumors compared with other pediatric tumors and normal tissue of human tumors. EWS, Ewings sarcoma; NB, neuroblastoma; ALL, acute lymphoblastic leukemia; other, other pediatric tumors; normal, normal tissue. (B) Stage 4 RMS was associated with significantly higher median FGFR4 expression than stage 1 RMS, as analyzed based on the data of Davicioni et al. (Mann-Whitney test) (6) . (C) FGFR4 expression was significantly higher in ARMS compared with all other histologic RMS subtypes (Mann-Whitney test). (D) Kaplan-Meier analysis based on a cutoff of median FGFR4 expression showed that patients with higher expression (top 2 quartiles) had significantly higher mortality (than the bottom 2 quartiles; P = 0.03, log-rank test). (E) Murine RMS cell lines (derived from refs. 5, 21) of high metastatic potential had significantly higher median Fgfr4 mRNA than nonmetastatic cell lines (P = 0.01, Mann-Whitney test).
FGFR4 suppression inhibits RMS tumor growth and lung metastasis.
To characterize the role of FGFR4 expression in the promotion of RMS tumor progression and metastasis, we stably introduced an inducible shRNA directed against FGFR4 into the human ARMS cell line RH30. Induction of this shRNA decreased FGFR4 protein expression by nearly 92% (Figure 2A ) but did not result in reduced in vitro growth for up to 4 days in tissue culture ( Figure 2B ). However, there was a 41% reduction (P = 0.002) in growth after prolonged culture for 13 days ( Figure 2C ). We then proceeded to study the phenotypic consequences of reduced FGFR4 expression in vivo. FGFR4 suppression resulted in significantly smaller tumors 31 days after intramuscular injection into SCID Beige mice compared with controls ( Figure 3 , A and B; P = 0.002). Quantification of early arrest of metastatic cells in the lungs 24 hours after injection by intravital video microscopy (IVVM) revealed significantly fewer RH30 cells with FGFR4 suppression (Figure 3 , C and D; P = 0.008). A comparable reduction in IVVM early lung metastases was also observed in the highly metastatic murine RMS cell line RMS33 with Fgfr4 suppression (Supplemental Figure 3 ; P = 0.02) (5) . Of note, there were also fewer pulmonary metastases with FGFR4 suppression 74 days after intravenous injection of inducible RH30 cells ( Figure 3E ). To confirm that this difference was not due to a reduced growth rate of the cells, we normalized for the growth rate by calculating the ratio of pulmonary to pelvic tumor signals and found a significant reduction upon FGFR4 suppression ( Figure 3F ; P = 0.02).
Identification of FGFR4 TK domain mutations in human RMS tumors.
Our results thus far indicated that increased FGFR4 activity could contribute to tumor progression and metastatic disease in RMS. Therefore, we searched for activating FGFR4 mutations using bidirectional sequencing of all protein coding exons and their intron/ exon borders in the same 94 RMS tumors (Supplemental Table 2 ). We found 14 missense variants, of which 6 were clustered in the TK domain ( Figure 4A ). Four of the TK domain mutations were localized to codons 535 and 550 (Table 2; Figure 4 , A-C; and Supplemental Figure 4 ). None of these TK missense substitutions were present in the Human Gene Mutation database, COSMIC, or a large sequencing survey of RTK genes (18) . A subset of these tumors (50 of 94) had paired germline DNA available. For these, 3 of 3 TK domain mutations were found only in the tumors and not in germline DNA and were therefore somatic (Supplemental Table 2 ). We did not observe mutations in the FGFR4 TK domain in 9 human RMS cell lines.
We confirmed that these TK domain mutations were absent in healthy populations by additional bidirectional sequencing of the 2 FGFR4 exons corresponding to codons 507 to 607 in 1,030 multiethnic controls (Supplemental Table 2 ). These findings suggested an overall TK domain mutation prevalence of 7.5% (7 of 94 tumors; 95% confidence interval, 4.7%-10.2%; Table 2 ) versus only a single R529Q single nucleotide variant allele observed among the 1,030 healthy controls (0.1%; P = 2.0 × 10 -7 for tumors vs. controls).
Predictive analysis of FGFR4 mutations. To determine the significance of these mutations, we performed multiple predictive analyses for individual amino acid substitutions (see Methods and Supplemental Table 3 ). These suggested that the 4 FGFR4 missense substitutions at codons 535 and 550 were most likely to result in disruption of protein function (Supplemental Table 3 ) (22) (23) (24) (25) (26) . Furthermore, the codon 535 and 550 mutations mapped to adjacent sites within the hinge region on a model of the FGFR4 TK domain ( Figure 5A ). Codon 535 mutations are predicted to eliminate the FGFR4 R-group hydrogen bonds that inhibit receptor autophosphorylation or regulate conformational dynamics during phosphorylation in the paralog FGFR2 ( Figure 5 , B-D) (27, 28) , while those at codon 550 are predicted to alter the ATP binding cleft (29, 30) .
Mutations promote FGFR4 autophosphorylation, Stat3 phosphorylation, and activation of cell cycle and DNA replication pathways. We functionally characterized 2 of these 4 TK domain mutations (K535 and E550) to determine whether they would result in constitutive receptor activation. We transduced wild-type human FGFR4 or mutants K535 and E550 into the murine RMS cell line RMS772, which was previously derived from a spontaneous tumor occurring in a mouse model of ERMS (5, 21) . RMS772 was chosen because of its low metastatic potential and undetectable Fgfr4 mRNA (5) . We confirmed expression of FGFR4 in transduced cell lines at both RNA and protein levels, with FGFR4 protein levels that were comparable with 2 human RMS cell lines ( Figure 6 , A and B). Of note, both of these mutations resulted in significant FGFR4 receptor autophosphorylation ( Figure 6C ). Western blot analysis of known FGFR downstream signaling molecules found significant differences in the Stat, Akt, and Mapk/Erk pathways with increased total Stat3 and phospho-Stat3 in both mutant lines ( Figure 6D ). Interestingly, the mutant cell lines also had a decrease in phospho-Akt and a discernible difference in the Mapk pathway with decreased phospho-Erk1/2 in both wild-type FGFR4 and mutant transductants compared with the vector control ( Figure 6D ). Other signaling molecules including mTor, S6k, 4Ebp1, and Gsk3β showed no significant differences between transductants (Supplemental Figure 5 ).
We then examined the global downstream effects of expressing these human mutations in RMS772 cells using gene expression profiling. Gene set enrichment analysis showed that the mutants had significant upregulation of cell cycle and DNA replication gene pathways (false discovery rate [FDR] < 0.01), while cell adhesion pathways and markers of muscle differentiation were diminished (Table 3 and Figure 6E ).
FGFR4 mutants increase proliferation, invasion, and metastatic potential. The association of high FGFR4 expression with advanced stage and poor survival and the upregulation of cell cycle genes led us to hypothesize that constitutive FGFR4 activation would be associated with increased growth and result in a metastatic phenotype in RMS. Both the K535 and E550 mutations caused significantly higher growth rates in RMS772 cell lines grown in vitro when compared with wild-type FGFR4 at 72 hours ( Figure 7A ; P = 0.0071 and 0.0090, respectively). Consistent with these data, subcutaneous injection of the RMS772 transductants into nude mice demonstrated rapid increases in tumor volume for the mutants at 18 days ( Figure 7B ; both P = 0.0079), providing evidence for increased in vivo growth.
Using a modified Boyden chamber invasion assay, we found 3-fold enhanced invasiveness associated with FGFR4 mutant cell lines compared with the vector control or wild-type FGFR4 in RMS772 ( Figure 7C ; P = 0.002 for vector versus K535; P = 0.005 for E550). Cellular arrest in the lungs and early metastasis was assayed by IVVM in mice after intravenous injection of fluorescently labeled RMS772 transductants. IVVM at 1 hour after injection demonstrated an equal number of cells for all 4 transductants. However, only the mutations significantly enhanced the presence of foci in the lungs after 24 hours (46-fold and 22-fold increase for K535 and E550, respectively, compared with vector control), although there was a small (2.6-fold) but significant increase in the number of foci caused by the wild-type human FGFR4 ( Figure 7D ). To determine whether these differences in growth and invasion influence in vivo metastatic potential, RMS772 cells expressing wild-type human FGFR4 or mutations were introduced into nude mice intravenously. At 3 weeks, mutant cell lines produced significantly more gross pulmonary metastases compared with those expressing wild-type FGFR4 ( Figure 7E ). In a follow-up experiment, Kaplan-Meier survival analysis demonstrated earlier mortality for mice injected with mutant cell lines ( Figure 7F ; P < 0.0001 by log-rank test for trend; median survival: E550, 19 days; K535, 29 days; wild type, 59 days; vector control, 78 days). Necroscopy confirmed large tumor burden in the lungs due to metastatic disease ( Figure 7F ).
To validate these results in an independent cell line, we transduced NIH 3T3 cells with the same constructs and repeated the in vivo subcutaneous growth and intravenous experimental metastasis assays. We again observed rapid growth in mice receiving subcutaneous NIH 3T3 cells transduced with FGFR4 K535 or E550, com-pared with no growth among the controls at 18 days ( Figure 8A ). Intravenous injection of 3T3 cell lines similarly resulted in earlier mortality due to metastatic disease in animals receiving mutant FGFR4 cells ( Figure 8B ; P < 0.0001 by log-rank test for trend).
Effect of mutations on cell cycle, apoptosis, and FGFR inhibition. Our results predicted mutational activation of an oncogenic pathway. Consequently, we tested whether these mutations would result in increased survival under adverse conditions and whether RMS tumor cells become dependent upon FGFR4 activation for survival, potentially making them more sensitive to a FGFR inhibitor. Despite the increased proliferation rate of mutant cell lines grown in 10% serum ( Figure 7A ), there were no differences in the distribution in the cell cycle compared to the empty vector or wild-type FGFR4 ( Figure 9A ). However, both vector and wild-type controls had significantly higher proportions of apoptotic cells under conditions of serum starvation compared with mutant cell lines, as demonstrated by an increased subG1 fraction ( Figure 9B) .
To demonstrate oncogene dependence upon mutational activation of FGFR4, the 4 cell lines were treated with the FGFR inhibitor PD173074 (29, 31) . We confirmed that PD173074 treatment reduced phospho-FGFR4 (normalized to total FGFR4) for both K535 and E550 mutants ( Figure 9C ). The IC 50 after 48 hours of treatment decreased from 12.7 μM and 11.8 μM in the vector control and wild-type FGFR4 cell lines to 8.2 μM and 5.9 μM for K535 and E550, respectively ( Figure 9D ). Increased apoptosis with PD173074 was apparent in both mutant cell lines, as evidenced by an increased SubG1 fraction ( Figure 9E ) and increased activated caspase-3 ( Figure 9F ).
Discussion
RMS is an aggressive childhood cancer arising from skeletal muscle precursors. While significant progress has been made in the overall survival of patients treated for RMS, metastatic disease remains a considerable challenge, with less than 30% survival despite aggressive multimodal therapies (2) . Therefore, there is a critical need for the development of targeted therapeutics in patients presenting with advanced-stage RMS. We and others have previously reported FGFR4 mRNA and protein overexpression in RMS (3, 4, 6) , although none of these studies elucidated its functional importance in RMS pathogenesis or its potential as a molecular target for therapy. FGFR4 is also expressed in myoblasts during normal development, in regenerating muscle following injury, but not in mature skeletal muscle (6) (7) (8) 32) . PAX3 and PAX7 directly induce FGFR4 expression, resulting in the progression of embryonic progenitor cells into a myogenic program (7) . Furthermore, PAX3/7-FOXO1A chimeric transcription factors are present in the majority of ARMS (33), and they increase the expression of target genes more than wildtype PAX3 or PAX7 (34) . This predicts that these chimeric fusion products, produced as a result of chromosomal translocations, could be strong inducers of FGFR4 in ARMS.
These reports suggest that FGFR4 pathway activation may result in a rhabdomyoblast phenotype by enhancing proliferation and blocking terminal differentiation in RMS. Therefore, we hypothesized that FGFR4 activation may be oncogenic in RMS and represent a potential novel therapeutic target. Here, we demonstrate that high FGFR4 expression was significantly associated with protein levels, ARMS histology, metastatic disease, and poor survival. However, in a multivariable regression analysis, FGFR4 mRNA expression was not independent of high stage or ARMS histology, since both of these parameters are associated with poorer prognosis and high FGFR4 expression (35) . This association would also be expected if FGFR4 is a direct target of the PAX3/7-FOXO1A fusion transcription factors. Moreover, we found that suppression of wildtype FGFR4 resulted in a significant reduction in local growth and fewer early and late pulmonary metastases in xenograft models.
Oncogene activation has been described to occur through overexpression, gene amplification, or mutation (36) (37) (38) (39) . Our results suggested that overexpression might result in increased activity and led us to hypothesize that activating FGFR4 mutations might also be present in RMS (5, 6) . In this study we confirmed FGFR4 TK domain-activating mutations in 7.5% of RMS tumors, which were not present in normal populations. Additionally, all of the FGFR4 TK domain mutations were somatic in the subset of the RMS patients that had tumor DNA mutations and a paired germline DNA sample. This does not rule out the existence of germline FGFR4 mutations in addition to somatic mutations if larger populations or pedigrees were to be surveyed. However, given the domi- nant action of these mutations, it seems unlikely that germline mutations of this gene would result in normal development.
Computational analysis of these TK domain mutations predicted that they would likely result in FGFR4 autophosphorylation with resultant downstream pathway activation, as was confirmed by our studies. Notably, a significant increase in Stat3 activation was observed. Stat3 activation has previously been associated with cell growth and survival in RMS and other cancers and is known to occur downstream of the FGFRs (40) (41) (42) (43) . Of interest, investigation of the Akt pathway revealed that both FGFR4 mutations suppressed phospho-Akt. This is consistent with previous findings that germline, activating FGFR2 mutations result in suppression of phospho-AKT and that inactive AKT can promote invasion and metastasis (44) (45) (46) . We speculate that the phenotypic consequences of FGFR4 mutational activation are mediated by oncogenic and metastatic effects of Stat3. Further work is required to determine which of these cellular alterations dictate the metastatic phenotype.
RTKs that are activated by point mutations have been shown to be drivers of tumorigenesis and represent ideal targets for therapy (36) (37) (38) (39) 47) . Previously identified RMS mutations that could be exploited therapeutically include PAX3/7-FOXO1A gene translocation/fusions found only in ARMS and RAS missense mutations (NRAS, KRAS, and HRAS), reported in a small number of ERMS (33, (48) (49) (50) . However, targeting fusion transcription factors remains a significant challenge, and the mutations in RAS genes were found in studies in which only a small number of ERMS tumors were surveyed. Importantly, this is the first report of activating RTK mutations that are common to both histological types of RMS.
More generally, our study represents the highest prevalence of FGFR4 TK domain mutations reported in human cancers, while other large-scale cancer genomic screens have found infrequent missense mutations in FGFR4 (13, 18, 19, (51) (52) (53) (54) . Additionally, none of the missense mutations identified in this study were found in adenocarcinoma of the lung, which has the highest prevalence and phospho-FGFR4 after immunoprecipitation showed that the mutant forms of FGFR4 were constitutively autophosphorylated. (D) Increased total Stat3 and phospho-Stat3 were observed in FGFR4 mutant cell lines by immunoblot, while mutants also showed decreased phospho-Akt. All transductants expressing human FGFR4 also had less phospho-Erk1/2. (E) Representative GSEA showing enrichment of cell cycle genes in murine RMS cells expressing FGFR4 mutations. Gene names listed at the bottom are at the leading edge of genes ranked by expression enrichment score that also belong to the Cell Cycle KEGG gene set. of FGFR4 mutations reported to date (1.8%) (13, 51) . In addition, 2 of the 4 mutations occurring at codons 535 and 550 are known to be mutated in FGFR paralogs (FGFR1, -2, and -3 and RET) and in FGFR4 for a single hypermutated breast cancer sample (11, 12, 14, 16, 17, 19, 55, 56) .
Functionally these FGFR4 mutations appear to be significantly more potent than wild-type FGFR4 overexpression in promoting growth and metastasis, and they were necessary for in vivo neoplastic growth in NIH 3T3 fibroblasts. These findings are in agreement with prior work, which has shown that introduction and overexpression of wild-type FGFR4 does not transform fibroblasts or support FGF-induced growth in BaF3 cells (20, 41, 57) . In contrast, FGFR1-FGFR3 are all able to transform different cells through either overexpression alone or overexpression with FGF stimulation (57, 58) , suggesting that FGFR4 has unique signaling and biological responses compared with its FGFR paralogs. Most significantly, these mutations increased invasiveness and promoted a metastasis phenotype and poor survival in our murine RMS models. Prior association studies have shown that a common variant in FGFR4, G388R, is associated with tumor progression in the absence of detectable FGFR4 activation and that this may be due to the role of FGFR4 as a tumor suppressor (59) (60) (61) . However, our observations demonstrate that FGFR4 mutational activation leads to an oncogenic phenotype, and this is in accord with others who have suggested that FGFR4 is an oncogene (13, 20) .
Our data suggest that FGFR4 is an excellent candidate for targeted therapy in patients with advanced-stage RMS. Furthermore, we show that 7.5% of RMS tumors harbor predicted activating mutations, and we confirm that 2 of these are driver mutations that lead to enhanced sensitivity to a small molecule inhibitor. These results provide a rational basis for therapeutically targeting the FGFR4 pathway in RMS and other cancers. Overall, our findings have direct implications for rapid translation into adjuvant therapies for metastatic RMS, for which long-term prognosis remains poor.
Methods
Samples and cell lines. Ninety-four primary RMS tumors were obtained for genomic DNA extraction from the Cooperative Human Tissue Network (CHTN) and the Children's Hospital at Westmead. Fifty of these primary RMS tumors had matching germline genomic DNA, also obtained from the CHTN. The demographics for the 44 unpaired and 50 paired tumors are presented in Supplemental Table 4 . All tumors with an FGFR4 TK domain mutation were subject to RT-PCR for the presence of known PAX-FOXO1 fusion genes as previously described, modified by the use of the 3′ FOXO1 primer, ATGAACTTGCT-GTGTAGGGACAG (62) . RT-PCR products (PAX3/FOXO1 = 172 bp and PAX7/ FOXO1 = 160 bp) were resolved on an Agilent Bioanalyzer 2100 and analyzed with DNA 1000 Lab-onchip software (Agilent Technologies). Healthy, anonymous controls included 284 Europeans/ European Americans, 30 North Africans, 333 Africans/African Americans, 143 individuals from the Middle East, 175 Asians, and 65 Hispanics/Native Americans. Use of anonymous human tissue samples was exempted from Institutional Review Board approval by the Office of Human Subjects Research, NIH. Human RMS cell lines used for DNA sequencing were A673, RD, RH4, RH5, RH28, RH30, RH36, and RH41.
RNA and genomic DNA purification. Up to 70 milligrams of frozen primary tumor was homogenized in 0.7 milliliters Trizol (Invitrogen). Murine tumor cell lines were grown to 80% confluence, washed with PBS, and resuspended in Trizol. RNA was purified with miRNEasy kits (Qiagen). Genfind (Agencourt) was used to purify tumor DNA and genomic DNA from leukocyte preparations paired with individual tumor samples.
DNA sequencing. PCR primers for 17 FGFR4 protein-coding exons are presented in Supplemental Table 5 . Genomic DNA was amplified by PCR using PCR and PCR clean-up (shrimp alkaline phosphatase/exonuclease I) conditions standardized per the SNP500Cancer database (http:// snp500cancer.nci.nih.gov) and a uniform annealing temperature of 65°C. Sequencing of amplified DNA using Big Dye Terminator chemistry (ABI) and M13 forward or reverse primers was performed on ABI platforms (models 3100 and 3730) and analyzed with Sequence Analysis 3.7 (ABI) and Sequencher 4.5 software (Gene Codes Corp.). Twenty percent of samples were sequenced in duplicate, and all missense or single mutations were confirmed with replicate PCR/sequencing reactions.
Quantitative RT-PCR. Two micrograms of total RNA was reverse transcribed using 3 micrograms of random Hexamer and Superscript II reverse transcriptase enzyme (Invitrogen) as per manufacturer's instruction. The resulting cDNA was diluted 1:20 in water, and real-time PCR was performed on an ABI 7000 Sequence Detection System (ABI). Assayson-Demand (ABI) were used for assessing FGFR4 expression levels (primer Hs00242558_m1), and fold change was determined by normalizing to GAPDH (Hs99999905_m1).
Predictive analysis of FGFR4 mutations. Each FGFR4 missense mutation was computationally analyzed for a predicted effect on protein function using 4 methods. Sorting Intolerant From Tolerant (SIFT; http://sift.jcvi. org/) was used to calculate a SIFT probability score for the likelihood of the mutation to affect protein function (26) . Scores of 0.05 or less were predicted to affect protein function, although approximately 20% of positive SIFT scores represent false-positive predictions. Polymorphism phenotyping (PolyPhen; http://coot.embl.de/PolyPhen) was also used, predicting either unknown (insufficient data for a prediction), benign, possibly damaging, or probably damaging mutations based upon characterization of the substitution site, predicted secondary protein structure, or available 3-dimensional protein structures (24, 25) . The third method employed the profile model of SNPs3D (http://www.snps3d.org), which is based upon conservation at an amino acid position and the probability of observing a variant at that site within the protein's family of homologs (22, 23) . SNPs3D determines a profile score using a support vector Figure 5A ; http://www. rcsb.org) and PyMOL (Figure 5 , B-D; http://www.pymol.org).
Figure 7
FGFR4 mutations accelerate growth and promote a metastasis phenotype. (A) Growth was significantly higher for cultured mutant RMS772 cell lines (*P < 0.01 versus wild type, Mann-Whitney test). (B) FGFR4 mutants in RMS772 cells significantly enhanced in vivo growth after subcutaneous injection in nude mice (*P < 0.001 versus wild-type, Mann-Whitney test mutants on murine RMS cells was determined on the basis of gene set enrichment analysis (GSEA; http://www.broad.mit.edu/gsea), where expression data for K535 and E550 cells were combined and compared to the vector control (65) . The gene sets with a FDR of less than 0.01 were considered significant.
In vivo growth, metastasis, and imaging assays. Animal studies using RMS772 and NIH 3T3 constructs utilized 8- to 10-week-old male NU/ NU-Fox1 nu nude mice (Charles River Laboratories) housed in a pathogen-free environment. Studies with RMS33 and RH30 H11.5 cells used 8- to 10-week-old CB17.B6-Prkdc scid Lyst bg /Crl (SCID Beige) mice (Charles River Laboratories), including those receiving either a normal or a doxycycline diet (Harlan Teklad). Animal care and experimental procedures were approved by the NIH Animal Care and Use Committee. In vivo tumor growth was assessed using RMS772 transductants or NIH 3T3 transductants with 10 6 cells (0.1 milliliters) subcutaneously injected into the flank of each mouse. Mice were monitored every other day, and tumor dimensions were measured by caliper. Tumor volume was determined by the following formula: (long axis × short axis 2 ) / 2. For RH30 H11.5 experiments, 3 × 10 6 cells (after 48 hours in 25 ng/ml doxycycline) were injected intramuscularly into SCID Beige mice. Doxycyline diet was initiated 48 hours prior to injection in the treatment group for all RH30 H11.5 experiments, and this diet was continued for the duration of the experiment. Tumor volume was assessed by luciferase photon flux with a Xenogen IVIS 100 imaging system. For FGFR4 knockdown assays, SCID Beige mice were intravenously injected with 10 6 RH30 H11.5 cells per day for 4 consecutive days (after 48 hours in 25 ng/ml doxycycline). Mice were treated with a control or doxycycline diet, and pulmonary metastases were detected with Xenogen imaging. For the other experimental metastasis assays and survival analyses, 10 6 RMS772 cells or 10 5 NIH 3T3 cells, either expressing or not expressing luciferase, were intravenously injected into tail veins of nude mice as previously described (5) . Cells fluorescently labeled with CMFDA (Invitrogen) were assayed for early metastasis by IVVM as previously described at 1 and 24 hours after tail vein injection (66) . Gross tumor number in lung tissue was assessed by observation at necroscopy (day 21) for an end-point metastasis assay. For survival analysis, mice were imaged twice weekly with a Xenogen IVIS 100 imaging system until the protocol end point, when the mice appeared weak and sick.
In vitro response to treatment with PD173074. The protein TK inhibitor PD173074 was purchased from CalBiochem and resuspended in DMSO. RMS772 transduced cell lines were seeded in 96-well plates overnight in full culture medium and 10% serum as described above. The inhibitor was added at various concentrations ranging from 0 μM to 20 μM. Cell number was determined separately at 24-hour intervals with Cell Titer Glo (Promega). Caspase-3 activity was determined using PE Active Caspase-3 Apoptosis kits (BD Biosciences - Pharmingen).
Statistics. Statistical analysis was performed using Instat and Prism 4 (both from Graph Pad Software). Continuous data were compared with 
P values by paired t test or
Mann-Whitney U test, as appropriate. Survival was analyzed by Kaplan-Meier curve comparison using a log-rank test and with a multivariate Cox proportional hazards analysis. IC50 values were calculated from isobolograms comparing cell proliferation as a percentage of RMS772 vector control cells (without inhibitor) and drug dose using CompuSyn (ComboSyn Incorporated).
